Background. Real-time polymerase chain reaction (PCR) on respiratory specimens and serology on paired blood specimens are used to determine the etiology of respiratory illnesses for research studies. However, convalescent serology is often not collected. We used multiple imputation to assign values for missing serology results to estimate virus-specific prevalence among pediatric and adult community-acquired pneumonia hospitalizations using data from an active population-based surveillance study.
Community-acquired pneumonia (CAP) is a common cause of hospitalization in the United States [1, 2] . Bacterial and viral pathogens can cause pneumonia and can be detected using a broad range of diagnostic tests. However, there is no true "gold standard" for etiology determination, because currently available diagnostic tests for respiratory pathogens have well known limitations [3] [4] [5] . Real-time polymerase chain reaction (PCR) assays are most commonly performed on respiratory specimens in etiology studies, because they have improved sensitivity and turnaround time for respiratory virus detection relative to culture [6] [7] [8] [9] [10] . Although not timely, serology may capture infections even if a virus is not sufficiently present to be detected by PCR in respiratory specimens; thus, acute and convalescent (paired sera) serology results can increase the diagnostic yield for respiratory viruses in CAP studies [3, 4, [11] [12] [13] . However, even in the research setting, paired sera are not always available from each patient, particularly because convalescent serology requires specimen collection posthospital discharge or death. Multiple imputation, an analytic method used to assign values for missing data, can be applied to pneumonia etiology studies when test results are missing. We applied multiple imputation to missing serology results to improve estimates of respiratory virus detection in the Centers for Disease Control and Prevention (CDC) Etiology of Pneumonia in the Community (EPIC) study, a multicenter active surveillance study of the incidence and etiology of CAP among hospitalized US adults and children [14, 15] .
METHODS

Enrollment, Specimen Collection, and Laboratory Methods
The CDC EPIC study was a prospective, multicenter, population-based, active surveillance study, as previously described in detail [14, 15] . In brief, from January 1, 2010 to June 30, 2012, children <18 years of age were enrolled in 3 pediatric hospitals in Memphis, Tennessee, Nashville, TN, and Salt Lake City, Utah, and adults were enrolled in 3 hospitals in Chicago, Illinois, and 2 hospitals in Nashville, TN. Patients admitted to a study hospital were eligible for enrollment if they resided within the hospital catchment area and had evidence of acute respiratory infection and radiographically confirmed pneumonia within 72 hours of admission. Patients were included in the etiologic analysis if they (1) met final radiographic criteria for CAP based on a study radiologist review and (2) had specimens available for both bacterial and viral testing. Clinical, demographic, and epidemiologic information were collected through interviews and medical chart review. Informed consent was obtained, and the study protocol was approved by institutional review boards at each institution and the CDC.
Whole blood, acute serum, and nasopharyngeal/oropharyngeal (NP/OP) swabs were collected as soon as possible after enrollment; urine was only collected in adults [14, 15] . For adults with a productive cough, sputum was also collected; results from only high-quality (≤10 epithelial cells/low-power field [lpf] and ≥25 white blood cells/lpf) sputum specimens were included [14] . Pleural fluid, endotracheal aspirates, and bronchoalveolar-lavage specimens, when collected for clinical care, were included in the analysis. Convalescent serum was collected 3-10 weeks after enrollment.
Real [14, 15] . Serologic testing for select viruses (AdV, HMPV, influenza A and B, PIV, and RSV) was performed on available paired acute and convalescent serum specimens. Influenza serology used both hemagglutination inhibition and microneutralization assays to define positive results [14, 15] , and serology for other viruses was based on CDC-developed indirect immunoglobulin (Ig)G enzyme immunoassays [11, 12] . Bacterial culture was performed on specimens from blood, sputum, pleural fluid, endotracheal aspirates, and bronchoalveolar lavage. To test for specific bacteria, PCR assays were performed (1) on all available pleural fluid specimens from adults and children and (2) on whole blood specimens from children only. Urine antigen testing for Legionella pneumophila and Streptococcus pneumoniae was performed in adults [14] .
Categorization of Variables Based on Diagnostic Test Results
A positive real-time PCR test for AdV, coronaviruses, HMPV, influenza A/B viruses, PIV, RSV, or rhinovirus was defined as a PCR cycle threshold value <40 from the NP/OP specimen. A positive serologic test for AdV, HMPV, influenza A/B viruses, PIV, or RSV was defined as a ≥4-fold rise in agent-specific IgG antibody titer between paired acute and convalescent sera; for influenza viruses, a minimum titer of 1:40 on the convalescent sample was also needed. Final determination of influenza serology results accounted for timing of influenza vaccination status relative to serum collection (Supplementary Data). For each virus, we categorized viral test results dichotomously as either positive or negative using the PCR and serologic definitions described above. Presence of each virus was defined by a positive PCR or serologic result.
Presence of a bacterial pathogen was defined by the following: detection of C pneumoniae or M pneumoniae in an NP/OP swab by a PCR assay; culture of bacteria (eg, Staphylococcus aureus, Haemophilus influenzae, S pneumoniae, and Streptococcus pyogenes) from blood, endotracheal aspirate, bronchoalveolar-lavage specimen, or pleural fluid; detection of bacteria in pleural fluid by PCR; detection of S pneumoniae or S pyogenes in whole blood by PCR (children only); detection of S pneumoniae or L pneumophila by the urine antigen test (adults only); or culture of bacteria from high-quality sputum (adults only). Based on these definitions, a summary variable of any bacterial detection was created.
Statistical Analysis
Multiple Imputation
Serology results were considered missing if either one or both of the paired serum specimens were missing. We performed multiple imputation to calculate missing values for AdV, HMPV, influenza, PIV, and RSV serology tests (the viruses for which both PCR and serology tests were performed). Multiple imputation uses a multivariable regression model [16] [17] [18] that is fit using data from patients for whom the outcome (serology result) is available, to impute a value for patients whose result is missing; this method may be useful when patients had a negative PCR result for a given virus but had a missing serology result. Multiple imputation is based on the assumption that serology results are missing at random [16, 17] . We assessed the assumption of data missing at random by comparing demographic and clinical characteristics among patients with and without available serology results using χ 2 or Fisher's exact tests, considering statistical significance (P < .05). To create the multivariable logistic regression model used for imputation, among patients with available serology results, we first determined which variables were significantly associated with positive serology results in bivariate analyses. Second, we constructed "a priori" models with positive serology as the outcome using age (ordinal variable), sex, any bacterial detection, and the corresponding viral PCR result as predictors (Supplementary Data). We also considered age as a categorical variable, which did not meaningfully change our results. Third, we identified which of the variables that were significant in bivariate analyses remained significant when added to the multivariable a priori model. Variables considered included symptoms, underlying medical conditions, radiographic findings, intensive care unit admission, and influenza season (Supplementary Data). Fourth, we used the area under the curve (AUC) to determine whether we would include a variable in the final regression model: the variable was included in the final model only if the AUC was higher for the a priori model when the variable was added to the model compared with the model without that variable. The AUC ranged from 0.5 to 1, with higher values indicating better discrimination of the model at predicting patients with positive versus negative serology results. In addition, we evaluated model fit using the Hosmer-Lemeshow goodness-of-fit test (models with P < .05 were rejected). Separate models were constructed for children and adults for each virus. Twenty imputed datasets were created for improved efficiency [19] and pooled (Supplementary Data).
We created a binary outcome for each patient defined as "positive" if either the observed PCR or observed or imputed serology result was positive and as "negative" if the PCR was negative and the imputed serology result was negative. We then estimated the proportion of patients with at least 1 positive result for each virus and the associated 95% confidence interval (CI) [20] , referred to as the proportion of CAP with a given virus detected. We performed a sensitivity analysis in which the models for multiple imputation included variables that were significantly different between patients with and without available serology results, to account for these potentially systematic differences. We also performed a second sensitivity analysis in which we excluded patients for whom NP/OP specimens were collected greater than 7 days after illness onset, because the sensitivity of PCR can decrease with a longer interval between illness onset and specimen collection [6, 10] .
For each virus, we calculated the absolute difference by subtracting the observed proportion from the imputed proportion, and we calculated the relative difference by dividing the imputed proportion by the observed proportion. To assess precision of multiple imputation estimates, we calculated a range of the absolute and relative differences by subtracting or dividing the observed proportion by the upper and lower limits of the imputed proportion, respectively [21] . All analyses were conducted using SAS 9.3 (Cary, NC).
RESULTS
Children
Of 2638 enrolled children, 2358 (89.4%) met the final radiographic criteria for CAP, among whom 2222 (94.2%) had samples available for both bacterial and viral diagnostic tests. Median age was 2 years (interquartile range [IQR], 1-6); 50.9% of children had an underlying medical condition, including 33.4% that reported asthma [15] . Among these 2222 children, 2196 (98.8%) had NP/OP specimens and 961 (43.2%) had paired serum specimens available. When comparing children with and without paired serology, children with paired serology results were older and more likely to be non-Hispanic white (Table 1) . For 2190 (98.6%) children who had an NP/OP swab and illness onset data available, the median time between illness onset and specimen collection was 4.6 days (IQR, 2.8-7.4).
Bivariate analyses informed the multivariable model for imputing missing serology results. Headache was significantly associated with positive AdV serology results; abdominal pain, diarrhea, and any underlying medical condition were significantly associated with positive HMPV serology results; and illness during the influenza season was associated with positive influenza serology results. Abdominal pain headache, and myalgia were significantly associated with positive PIV serology results, and abdominal pain, chest retraction, chills, diarrhea, headache, myalgia, wheezing, consolidation, pleural effusion, and infiltrates were significantly associated with positive RSV serology results (Supplementary Table S1 ). After each variable was added to the a priori model (age, sex, any bacterial detection, and the corresponding viral PCR result) for each virus, none of the additional variables remained significant in the models for AdV, PIV, and RSV; thus, the a priori model was used to impute serology results for these viruses. For HMPV and influenza, each of the variables that were significant in the bivariate analysis was added to the a priori model, and only diarrhea and any underlying medical condition remained significant in the multivariable a priori model for HMPV, as did illness during the influenza season for influenza ( Table 2 ). The AUC for the final multivariable models was 0.75 for AdV, 0.88 for HMPV, 0.69 for influenza, 0.74 for PIV, and 0.91 for RSV.
For all 2222 children, the imputed proportions of CAP with AdV (14.4%), HMPV (15.0%), influenza (11.1%), PIV (8.9%), and RSV (29.9%) detected were 1.6%-4.4% higher by absolute difference and 1.1-1.7 times higher by relative difference compared with the observed results for each virus (Table 3) . For the first sensitivity analysis, these models were adjusted by variables that significantly differed between children with and without available serology, and the imputed proportions were within ±0.3% of the primary imputed analysis, except for AdV which had a 2.5% lower absolute difference than the unadjusted imputed result (Table 3) . For the second sensitivity analysis among 1765 (79.4%) children who had NP/OP specimens collected within 7 days of illness onset, the imputed proportions for AdV, HMPV, influenza, PIV, and RSV were within 0.1%-2.0% of the imputed proportions that included all 2222 children (Supplementary Table S2 ).
Adults
Of 2488 enrolled adults, 2320 (93.2%) met the final radiographic criteria for CAP, among whom 2259 (97.3%) had specimens available for bacterial and viral diagnostic testing. Median age was 57 years (IQR, 46-71); 78.2% of adults had an underlying medical condition [14] . Among these 2259 adults, 2248 (99.5%) had NP/OP specimens and 846 (37.5%) had paired serum specimens available. When comparing adults with and without available serology, adults with serology results available were more likely to have coronary artery disease and less likely to require invasive mechanical ventilation or to die (Table 4) . For 2246 (99.4%) adults that had a NP/OP swab and illness onset data available, the median time between illness onset and specimen collection was 4.8 days (IQR, 2.8-8.8).
Bivariate analyses informed the multivariable model for imputing missing serology results. Illness during the influenza season, diarrhea, and abdominal pain were associated with positive influenza serology results; wheezing was significantly associated with positive PIV serology results; and chills and wheezing were significantly associated with positive RSV serology results Any underlying medical conditions (Supplementary Table S3 ). No additional variables were significant for positive AdV and HMPV serology results; thus, the a priori model was used to impute serology results for these viruses. For PIV, wheezing was not significant in the a priori model so the a priori model was used to impute serology results. Abdominal pain remained significant in the multivariable a priori model for influenza, as did wheezing for RSV ( Table 5 ). The AUC for the final multivariable models was 0.80 for AdV, 0.83 for HMPV, 0.86 for influenza, 0.82 for PIV, and 0.91 for RSV. For all 2259 adults, the imputed proportions of CAP with AdV (4.2%), HMPV (4.7%), influenza (7.9%), PIV (4.0%), and RSV (4.0%) detected were 0.8%-2.8% higher by absolute (Table 6 ). For the first sensitivity analysis, models were initially adjusted by variables that significantly differed between adults with and without serology; however, CIs were unstable due to few deaths, and thus models were adjusted for coronary artery disease and mechanical ventilation. These imputed proportions were within an absolute difference of 0.5% from those in the unadjusted imputed analyses, except for PIV, which was 7.8% higher (Table 6 ). For the second sensitivity analysis among 1600 (70.8%) adults who had NP/OP specimens collected within 7 days of illness onset, the imputed proportions of AdV, HMPV, influenza, PIV, and RSV were within 0.4%-1.1% of the imputed proportions that included all 2259 adults (Supplementary Table S4 ).
DISCUSSION
Using prospective clinical and microbiological data from patients hospitalized with CAP from a large multicenter study, we estimated the proportion of patients with AdV, HMPV, influenza, PIV, and RSV detected, using multiple imputation to account for missing serology results. Our multiple imputation estimates were 0.8%-4.4% higher by absolute difference and 1.1-3.0 times higher by relative difference than the observed results. Virus-specific prevalence of CAP will likely be underestimated if missing serology results are treated as negative. Multiple imputation can help refine virus-specific prevalence when results are missing and will likely increase the proportion of viral etiologies. Relative difference: division of the imputed proportion by the observed proportion.
The absolute and relative increases found in the viral-specific detections with multiple imputation were modest among both children and adults. It is notable that the largest absolute increase was for influenza among children (4.4%), and the largest relative increase was for AdV among adults (3-fold); however, the CI for this imputed AdV estimate was wide. The reasons for the differences in the multiple imputation results compared with observed results are likely multifactorial. Serology has been shown to increase the diagnostic yield for AdV, HMPV, PIV, and RSV by 3.0%-86.7% [11, 12, 22] and for influenza viruses by 15%-130% [3, 4, 11, 12] when compared with PCR across all ages. The diagnostic yield of one method versus another may differ by age, because we observed in the EPIC study that the diagnostic yields for AdV, HMPV, PIV, and RSV were 11.8%-48.9% among children and adults [22] . These differences indicate that serology increases diagnostic yield for most viruses but differs by specific virus and age of the patient. In addition, serology may capture detections missed by PCR because of late collection of NP/OP specimens relative to illness onset, inadequate sample collection or preservation, or collection of an NP/OP specimen before onset of viral shedding.
Because of potential differences in viral dynamics, the timing of illness onset and collection of NP/OP and serum specimens may partially explain the different multiple imputation estimates for each virus. However, we did not observe a meaningful change in the virus-specific prevalence when excluding patients for whom NP/OP specimens were collected after 7 days from illness onset (Supplementary Tables S2 and S4) . Ultimately, the increases in virus-specific proportions were due to the increase in serologic detections estimated through multiple imputation. For patients who had a positive PCR result and missing serology, imputing missing serology would not have increased the virus-specific proportion because the positive PCR result would have already contributed to the proportion. Thus, an increase in virus-specific proportion would have been observed only if an observed PCR result is negative and an imputed serology result is positive. Our analysis quantified these increases in virus-specific detections by using multiple imputation, demonstrating the utility of this method when data are missing.
Multiple imputation can be useful in situations where convalescent sera are not uniformly available [16, 17] , and it is important to assess whether these data were missing at random. More than half of enrolled children and adults were missing serology results, largely due to the lack of a convalescent specimen. Although we observed differences between patients with and without available serology results, it does not necessarily indicate a major violation of the assumption. Systematic differences can occur between patients with and without missing data even when data are missing at random; these differences can be explained by other observed variables [23] . After accounting for these differences through a sensitivity analysis, the multiple imputation estimates were overall similar to those from the main analysis; the only exceptions were AdV among children and PIV among adults, but the difference in these assessments may be partly explained by sparse data within strata.
Multiple imputation has been used in other pneumonia studies to handle missing data on covariates when estimating an association between an exposure and an outcome, as an alternative to performing an analysis that only includes subjects with complete data. For example, in a randomized trial of an indoor wood smoke emission intervention to prevent childhood pneumonia, approximately one third of children had an incomplete assessment of various pneumonia outcomes due to missing data on physician diagnosis, respiratory pathogen testing, and/or chest radiograph. By applying multiple imputation, some significant associations were observed for specific pneumonia outcomes, and the authors considered these outcomes based on imputation to be reliable effect estimates [24] . In addition, 2 meta-analyses estimated the global burden of pediatric respiratory infections due to seasonal influenza [25] and RSV [26] using multiple imputation when necessary to account for missing incidence data.
Our analyses have limitations. First, imputing missing data assumed they were missing at random; evaluation of "missingness" demonstrated that differences existed between those with and without serology specimens available, but those differences were minimal. Second, estimates from multiple imputation were sensitive to the independent variables used and the strength of their association with serology results among patients with available data. This concern may be minimal because we used the viral PCR result as an independent variable, which was a strong predictor of the paired serology result. Third, although not a limitation of this analysis, the detection of viruses in NP/OP swabs is not necessarily indicative of the cause of CAP [27, 28] and may represent (1) resolving infection rather than acute infection or (2) an infection limited to the upper tract and not lower tract [29] . Similarly, paired serology could represent an interval infection that occurred after the initial presentation or hospitalization and may not be indicative of the cause of the CAP hospitalization; thus, including viral serology results in any analysis could overestimate the true viral burden of CAP. Fourth, we combined influenza A and B viruses together and parainfluenza types 1-3 together, although the predictors of positive serology results may differ by each virus's type. Finally, illness onset was self-or caregiver-reported, which introduces potential recall bias. However, our sensitivity analyses indicated that virus-specific prevalence estimates did not change significantly when excluding patients who had NP/OP swabs collected after 7 days from illness onset.
CONCLUSIONS
In conclusion, because of missing serum specimens, the proportion of CAP with AdV, HMPV, influenza, PIV, and RSV detected using only the observed PCR and serology results likely underestimated the virus-specific prevalence by 0.8%-4.4% in both children and adults. Multiple imputation estimates may help achieve more accurate disease burden estimates, better establish performance measures of the molecular assays, and inform virus-specific prevalence estimates in other studies when convalescent serum specimens are not available for all patients. Our reported higher estimates of viral-specific pneumonia prevalence based on multiple imputation underscore the need for improved respiratory viral diagnostic testing, which would better inform population-based estimates and better guide clinicians and public health policy.
